Introduction
The recent discovery of nanostructured surface (NSS)-induced rupturing of prokaryotic microbes provides a potentially powerful new tool in the control of microbial growth [1] [2] [3] . In theory, these NSS-many of which have been derived from the cuticles of insects-kill bacteria through structural/mechanical interactions [1] [2] [3] [4] . Although bacterial and fungal cell walls are structurally and chemically distinct, we observe a similar rupturing of the cellular fungus Saccharomyces cerevisiae on certain NSS. Although NSS-induced microbial rupture implies physical damage to the microbial cell wall and/or cell membrane, there is not a clear understanding of the mechanisms underlying this phenomenon. Modelling of the cell-NSS interaction has implicated physicochemical properties such as cell-substrate adhesion and cell wall rigidity in NSS-induced rupture [1] , but there is little empirical evidence describing the role of either parameter in this process. In this paper, we address the role that cell-substrate adhesion plays in NSS-induced microbial rupture. We demonstrate that the strength of the cellsubstrate interaction is critical to NSS-induced rupture and reduction in viability, i.e. stronger adhesion between the yeast and the NSS results in more cells rupturing on the surface. Our results suggest a common mechanism underlying the NSS-induced microbicide phenomenon and one that may serve to be exploited in the generation of broad-spectrum antimicrobial NSS.
Material and methods

Yeast strains and culture
Saccharomyces cerevisiae strains used in this study were W303-1A (ATCC stock number, 208352; genotype: MATa ade2-1 ura3-1 his3-11 trp1 -1 leu2 -3 leu2 -112 can1-100) and SK1-CAN1 (ATCC stock number, 204722; genotype: MATalpha/ MATalpha HO can1(r) gal2 cup(s)). Frozen stocks were maintained at 2808C. For each experiment, colonies from freshly streaked YPD plates were used. Liquid YPD (yeast extract, peptone, dextrose, water) media were inoculated with one colony per 5 ml. Liquid cultures were grown overnight with shaking approximately 200 r.p.m. at 208C to an OD 600 1.5 at which point fresh cultures were spiked to an OD 600 0.2 and incubated with shaking for 3 -5 h at 308C to an OD 600 (0.4-0.6) indicative of mid-log phase growth [5] . OD 600 measurements were made using a Thermo Scientific Nanodrop 2000C spectrophotometer, and viability counts 10 7 cells ml 21 were made using serial dilution plating to maintain that mid-log phase cells were used for initiating all NSS experiments. For accuracy and precision, OD 600 measurements used for cell density approximations were always kept below 1 with an absorbance of 1, for S. cerevisiae, corresponding to approximately 3 Â 10 7 cells ml 21 [5] .
Cell surface hydrophobicity/microbial adhesion to hydrocarbon assay
A cell surface hydrophobicity comparison was performed on log phase and stationary phase cells of the two strains using a phase separation technique known as a microbial adhesion to hydrocarbon (MATH) assay [6] . Cells were grown to the desired phase, washed 1 Â in 50 mM EDTA (pH 8.0) to inhibit flocculation and then suspended in 0.9% NaCl (pH 6) to an OD 600 (0.8-1.0). In glass tubes, 2 ml of cell suspension was carefully overlaid with 400 ml of octane. Aqueous phase (1 ml) was carefully removed, and the remainder was vortexed for 60 s, followed by 10 min of rest for phase separation. After separation, the other 1 ml aqueous phase was carefully removed, and OD 600 measurements were made on both samples. Relative hydrophobicity measurements are reported as OD 600 percentage differences before and after vortexing, [1 2 (OD after /OD before )] Â 100%; at least 10 samples were measured and averaged.
Surface preparation and characterization
The wings of Tibicen tibicen (dog day annual cicada), Magicicada septendecim (brood II periodical cicada) and Progomphus obscurus (common sanddragon) were all collected from Greensboro, NC, USA. For decay prevention, the insects were stored at 2208C. To prepare for experimentation, wings were dissected from the organism carefully as to not damage their surfaces. Isolated wings were sonicated in 70% ethanol for 10 min to remove any potential debris, including any previously attached microbes, after which samples were inspected via scanning electron microscopy (SEM) to determine whether cleaning had damaged the nanotextured surfaces. There was no discernable variation in the nanostructures before and after cleaning. Glass cover slips were wiped clean using 70% ethanol, and cleansed wings were then mounted on them using double-sided carbon tape. The cover slips served two functions: they provided a base for the wings for ease of handling and they were used as additional controls for yeast proliferation/ viability. Gold sputter-coated samples of each surface were also used in conjunction with the native surfaces to confirm the mechanical component of this phenomenon. A 10 nm layer of gold was deposited using a Leica EM ACE200 and monitored in real time with a quartz crystal microbalance (QCM). Helium ion micrographs of sputter-coated surfaces were obtained using a Zeiss Orion helium ion microscope (HIM). Imaging parameters for the HIM were as follows: working distance 8.3 mm, accelerating voltage 30 kV, blanker current 1.6 pA and primary ET detector was used. Atomic force microscopy (AFM) was conducted with an Agilent 5600LS AFM and PICO VIEW v. 1.14 software. Surfaces were imaged in air in tapping mode at 0.5 ln s 21 and 512 ppl with a tip of 3 N m 21 and resonance frequency of 285 kHz. Image post-processing was done with GWYDDION v. 2.3.
Substrate hydrophobicity and cell adhesion
We investigated the wettability of the controls and NSS using a ramé-hart 260-F4 contact angle goniometer and DROPIMAGE advanced software. Deionized water drops of 1 ml were carefully placed on the intervein membranes of gold-coated and native wings in the regions outlined in figure 1. Static contact angle measurements of at least five drops on two different samples of each surface, including gold-coated and uncoated glass controls, were averaged, and the significance of the differences between NSS and control surfaces was determined using Student's t-tests function in Microsoft EXCEL. A wash assay was conducted to investigate the adhesion response of the yeast cells to the various substrates, with the notion that a greater number of adhered cells post wash implies greater cell-substrate adhesion [7] . For each strain independently, 10 ml of exponential phase cells, at a concentration of approx. 5 Â 10 5 cells ml
21
, had 10 mg ml 21 acridine orange added to the media and was then placed in a 35 mm Petri dish containing controls and NSS. After 10 min, samples were vigorously washed three times in phosphate-buffered saline (PBS; pH 7.5), covered with fresh PBS, and imaged immediately using an upright Olympus BX51 compound microscope equipped with a CoolPix CCD camera. Images (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) were collected for each surface using the 10Â objective and IMAGEJ plug-in. Labelled cells were manually counted, and data were analysed in Microsoft EXCEL.
2.5. Scanning electron microscopy sample preparation and imaging for morphology study
Preparation began with the removal of the surfaces from the dish after a 1 h incubation time. Immediately following removal, the surfaces were gently washed three times in PBS on an elliptical shaker at 100-150 r.p.m. and then fixed in a 2.5% glutaraldehyde/2% formaldehyde solution in 0.1 M cacodylate buffer (pH 7.4) for 1 h. Samples were then washed three times in dH 2 O and immediately followed by an acetonitrile dehydration series of 30%, 50%, 75%, 95% and 100% for 5 min at each concentration. After drying, the samples had a 10 nm gold layer applied using a Leica EM ACE200 with real-time thickness monitoring using a QCM. Scanning electron micrographs were obtained using a Zeiss Auriga FIB/SEM. Scale bars were added using IMAGEJ software.
Growth/viability
To test viability and proliferation of yeast cultured on NSS and control surfaces, we performed two analyses. A standard CFU ml 21 assay was performed to determine the number of viable cells after 8 h of incubation [8] . Yeast cultures were grown to an OD 600 (0.4-0.6), diluted to an OD 0.1 and cultured on the controls and NSS. At 0 h and 8 h of incubation, cell densities were determined by spreading serial dilutions of the media taken from the control and NSS cultures on YPD agar plates. Plate colonies were counted after 24 h of incubation at 308C, the values of which are representative of viable cell concentration in CFU ml
21
. Plate counts were then extrapolated according to the dilution factor (1 : 10 4 ) to give actual concentrations. The CFU data were gathered from five independent experiments, averaged, and the significance of the difference between experimental and control experiments was determined using Student's t-test function.
Viable cell counts were performed with an acridine orange/ propidium iodide (AO/PI) assay using a Zeiss Axio Plan spinning disc confocal microscope [9] . In this assay, we cultured yeast cells on controls and NSS with two fluorescent dyes, acridine orange (ex488 nm/em518 nm) a cell-permeable dye that labels all living and dying cells and propidium iodide (ex535 nm/em617 nm) which is cell impermeable and will only label the DNA of dead or dying cells with compromised plasma membranes. Following incubation in 10 mg ml 21 acridine orange and 5 mg ml 21 propidium iodide solution for 5 min, the surfaces were removed and gently washed in PBS. The surfaces were then imaged, and count data were collected for each image from each experiment and input into EXCEL where the Student's t-test function was used to determine significance between controls and NSS.
Focused ion beam milling and scanning electron microscopy imaging
Sample preparation is much the same for SEM imaging except that between the fixing and dehydration steps there was 4 days of staining in 1% osmium tetroxide followed by 24 h in 1% uranyl acetate. Dehydrated samples were then heavily sputter-coated in a thick layer of Au (greater than 50 nm) to prevent stray ion damage and minimize charging owing to ion implantation. It is important to note that the experiment is essentially preserved after the crosslinking and dehydration steps, so there is no concern of losing information with the heavy sputter coating as the FIB is sectioning the sample anyways. Milling was done using the Zeiss Auriga FIB/ SEM. FIB parameters were as follows: accelerating voltage 30 kV, milling current 600 pA, milling mode set on mill for depth (1-2 mm based on Si), working distance 5 mm, stage tilt 548 and tilt correction of 368 when imaging block face.
Results
Characterization of nanostructured surfaces
To examine the interactions of nanoscale topography and cellular fungi, we examined the growth and viability of baker's yeast, Saccharomyces cerevisiae, on three different nanostructured insect wings: brood II (Brd II) periodical cicada (Magicicada ssp.), the annual dog day (DD) cicada (Tibicen ssp.) and the common sanddragon dragonfly (Pogomphus obscurus; figure 1 ). We chose these particular wings for this study because they represent a range of nanoscale features, from low to high aspect ratio, which allowed us to systematically test the effect that different nanostructure geometries have on yeast viability. Similar work with bacteria suggests that the geometry of the nanostructures is essential for the observed rupturing of bacteria, but this has not been systematically tested. We characterized each surface using ultra high resolution helium ion microscopy [10] and AFM. The surfaces are as follows: a wing surface with low aspect ratio (height to width 0.5) nanoscale features from the 17 year Brd II periodical cicada (Magicicada ssp.); a wing surface with higher aspect ratio nanoscale features (height-to-width 'base' 1.8) from the annual DD cicada (Tibicen spp.); and a wing surface with the highest aspect ratio features we tested (height to width 4.6) from the common sanddragon dragonfly (DF; Pogomphus obscurus spp.; table 1 and figure 2 ). The arrangement and geometry of the nanostructures found on the winged surfaces are presented in table 1, and the calculations were performed from images represented by figure 2. In short, the Brd II NSS is composed of hexagonally close-packed hemispherical bumps (figure 2b-b 00 ); DD NSS are hexagonally close-packed arrangements of spherically rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20140999 capped cones (figure 2c-c 00 ); and the DF NSS consisted of densely packed spherically capped cylindrical structures (figure 2d-d 00 ). In each case, these structures increase the total surface area when compared with the relatively featureless glass control surfaces (table 1) .
Lewis acid-base interactions consisting of usually attractive hydrophobic interactions and repulsive hydrophilic interactions play a significant role in microbial adhesion [11 -15] . We determined the hydrophobicity of the NSS and controls using static contact angle measurements of deionized water (figure 2, bottom row; electronic supplementary material, figure S1 and table S1). Surfaces decorated with higher aspect ratio nanostructures generally exhibited greater hydrophobicity, and the inconsistency of the DF NSS is likely due to the extremely close vein spacing which even a 1 ml drop unavoidably spanned. More accurate contact angle measurements would likely show even greater CA for DF than what is presented here. The hydrophobicity of control surfaces and NSS used in this study was similar to what has been described earlier [16] . While all insect cuticles are structurally similar, insect cuticles are chemically complex materials that serve multiple roles other than support; one example being the secretion of complex molecules [17] . To eliminate potential effects owing to surface chemistry differences we tested Au-coated NSS and control surfaces and compared them with native surfaces [2] . The addition of the thin layer (10 nm) of Au reduced the hydrophobicity of each NSS, but did not notably alter the relative geometry of the NSS as determined by AFM and HIM (figure 2).
Yeast cell surface hydrophobicity and adhesion assay
The relative cell surface hydrophobicity of each strain was determined using a MATH assay [6] . To test for differences in culture growth, we collected data at two different culture phases, one at an actively dividing exponential phase (OD 600 0.4) and the other at stationary phase (OD 600 2). Cells of the W303 strain were found to be less hydrophobic when compared with SK1 cells at both stages (table 2 and electronic supplementary material, figure S2 ), but, in both strains, the stationary phase cells showed greater hydrophobicity relative to exponential phase cells. To test whether these differences reflected a change in cell adhesion, we performed a simple wash assay (figure 3). In this assay, we examined the adhesion of exponential phase yeast to glass coverslip controls and Au-coated NSS, whereby we counted the number of cells stained with acridine orange that were adhered to the surfaces after washing. Mirroring the results of the hydrophobicity assay, W303 cells exhibited significantly less affinity for the various surfaces relative to SK1 cells, approximately half in all cases (figure 3 and table 3) . Interestingly, both strains showed greater affinity to the NSS compared with the controls (figure 3 and table 3 ; electronic supplementary material, figure S3), with the high aspect ratio DD surface having nearly a threefold increase in the number of cells per field relative to the control and the lower aspect ratio Brd II surface having nearly a twofold increase in the number of cells per field of view (figure 3  and table 3 ). 
Yeast growth/proliferation on nanostructured surfaces
To determine whether or not the surfaces altered yeast growth, we cultured yeast cells in wells each containing one of two different NSS and another containing the control. To determine whether cell -substrate adhesion has any role in NSS-dependent growth phenotype, we used two common laboratory strains of S. cerevisiae, W303 and SK1, which have characterized differences in their affinities for abiotic substrates [7] . The difference in cell -substrate adhesion between these two yeast strains is likely due, in part, to the differential expression of FLO11p, an important yeast cellsubstrate adhesion molecule that promotes non-specific adhesion through hydrophobic interactions and is expressed much higher in SK1 than W303 [7, 18] . In our experiments, early log phase cultures of both strains were incubated in adjacent columns of wells, each column of wells containing a 12 mm insert of a control surface (round glass cover slip), the low aspect ratio Brd II wing and the higher aspect ratio DD wing. Each surface was prepared as described in the Material and methods section and then coated with a 10 nm layer of gold to negate surface chemistry differences contact angle coated -48.2 ± 1.3°n
ative -44.6 ± 1.6°( Figure 3 . Summary of the data from the yeast adhesion assay. Cells were incubated on NSS for 10 min and were counted post-wash on 10 fields. Cells per field of the W303 strain is presented with shaded bars and the SK1 data with clear bars. On all surfaces, SK1 showed significantly greater adhesion than W303 ( p , 0.001). Both NSS (Au-coated DD and Au-coated Brd II) used in these experiments showed significantly greater adhesion of the yeast strains relative to the Au-coated control, whereas the DD surface displayed the most adhesion of both strains of yeast.
rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20140999 of the native surfaces. Each sample was evaluated with SEM to ensure that the gold coating did not notably alter the nanoscale structures on the wings (figure 1). After 8 h of incubation with shaking at 308C, we determined the number of CFU ml 21 using standard dilution plating. Both strains of yeast demonstrated a significant reduction in CFU ml 21 when grown on the DD surfaces (figure 1c-c 00 ) when compared with the controls (table 2 and figure 4a), but only the high-affinity SK1 strain showed reduced CFU counts on the lower aspect ratio Brd II surface (table 2 and figure 4a).
Interestingly, the naked eye appearance of the wells seems to support these results, especially in the DD wells whereby the matte black appearance of the Au-coated DD surface is clearly seen after 8 h of culture (figure 4b, bottom row), but the control surface is not so clearly seen (figure 4b, top row). Uncoated/native insect wing surfaces produced similar results (figure 4a) suggesting that the difference in surface chemistry between coated and uncoated samples did not play a significant role in the observed differences in the CFU ml 21 results (table 4) .
Live/dead cell analysis of yeast cultured on nanostructured surfaces
NSS that are similar to those described in this paper have been shown to kill bacterial cells [2, 4] . To determine whether the reduction in CFU ml 21 owing to NSS exposure was a result of cell death or something else, such as a slowing of the cell cycle, we examined the viability of yeast cells adhered to NSS using a fluorescent AO/PI (live/dead) cell assay. In a similar fashion to what has been observed with bacterial cells and with the CFU experiments above, we observe that yeast cells die on high aspect ratio NSS. In addition to this, we were . W303 showed a significant decrease in CFU ml 21 when grown on both the UC and the Au-coated DD NSS, but not the lower aspect ratio Brd II NSS, whereas SK1 showed significant deficits in CFU count when grown on uncoated and coated DD and Brd II NSS. (b) An image of the typical culture plate set-up used in our CFU experiments. The surfaces (both control and NSS) were placed in a 24-well plate. All surfaces were coated with gold which altered the appearance of the surfaces-darkening the higher aspect ratio DD NSS, but increasing the reflectivity of the lower aspect ratio Brd II surface; this can be easily seen in the before (0 h) images. After 8 h of culture the control has been completely obscured by cells, whereas the NSS show varying degrees of obscurement with the dark DD NSS apparently lacking cell coverage relative to the controls (arrows).
able to demonstrate that the NSS-induced cell death is dependent on NSS geometry and the adhesive quality of the cells. Weaker adhering W303 yeast showed a loss of viability only when in contact with NSS surfaces that have high aspect ratio features, for example DD and DF surfaces, but not the low aspect ratio Brd II surface ( figure 5 and table  5 ). The strongly adherent yeast cells SK1 displayed significant decreased viability on all surfaces including the lower aspect Brd II surface, although this loss was not as great as that observed in the higher aspect ratio surfaces ( figure 5 and  table 5 ). We observed similar results with ethidium bromide figure 6 ; electronic supplementary material, figure S4 and table S2).
Nanostructured surfaces-induced rupturing of yeast
SEM micrographs of yeast cells on NSS show ruptured yeast, which resembles NSS ruptured bacteria [16, 20] (figure 7). The observed morphological changes correlate with the changes in CFU ml 21 and loss of viability/ plasma membrane integrity. Diploid non-pseudohyphal S. cerevisiae cells are ovoid in shape and 3-5 mm in diameter. On flat surfaces and on the low aspect ratio Brd II NSS, the ovoid shape of low binding W303 yeast cells is broadly conserved (figure 7a,b) . However, on NSS with higher aspect ratios (DD and DF), yeast cells demonstrated varying degrees of deformity (figure 7e-h). Whether these morphologies represent different points during the rupturing process or different reactions of the yeast owing to cell cycle remains to be tested. In addition to the evident remains of the yeast cell walls on these surfaces (figure 7f ), there are also associated areas, 'puddles' of contrasting material on the NSS surrounding some of the cell wall debris, this 'puddling' being especially notable on the DD NSS (figure 7e). The composition of this 'puddling' film is unknown, but may represent cytoplasm remains of the ruptured cells and the effects that accumulation or build-up of this material might have on further cell rupturing is also unknown. Yeast cells on higher aspect ratio NSS have a larger contact area with the surface, appearing stretched and flattened across the surface (figure 7f,h). To determine whether the yeast cells sit rigidly on top of the NSS with minor deformation or if they deform appreciably owing to the geometry of NSS we performed focused ion beam milling/scanning electron beam microscopy (FIB/ SEM). In these experiments, yeast cells that had been adsorbed to the NSS were fixed and stained with heavy metals prior to dehydration and imaging. During operation, a gallium ion beam mills away a section approximately 10 nm thick, and is immediately followed by electron beam imaging of the face of the exposed surface. A series of iterations of this cycle permit a nanoscale three-dimensional reconstruction of the yeast cell -NSS interface (electronic supplementary material, movies S1 and S2). In these experiments, we showed that the contact of the yeast cell with the NSS is intimate across this contact area and that the cell wall of the yeast seems to deform substantially owing to the NSS. There seems to be cell wall-/cell-derived materials flowing into the NSS (figure 8b,e, arrows) that is not apparent in areas that are not in contact with the cell ( figure 8c,f, arrows) . These results suggest that the adhesion of the cell to the NSS severely stretches and distorts it over the nanoscale features. rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20140999 3.6. Yeast cell damage to high aspect ratio dragonfly nanostructured surfaces
Another interesting effect we observed is that in some cases yeast cells physically alter/damage NSS. In our examination of the high aspect ratio DF surface, we observed scratches across the surface ( figure 7g, arrow) . While all of the NSS samples used in these experiments were wild caught and showed varying degrees of wear, on closer inspection, we observed that the vast majority of scratches on the DF NSS appeared to be produced by interactions with the yeast cells directly. W303 cells have a strong affinity for the DF surface and generate deformations of the surface features. Minor surface deformations appear as the pulling of the nanostructures towards the cell with conceivably slight separation from the underlying surface (figure 9a, arrow), whereas more severe damage consists of complete removable or delamination of the NSS epicuticle layer ( figure 9b-f) . Frequently, the yeast cells appear to have ploughed the surface producing the gouges observed at lower magnification (figures 7g and 9b,c,d, arrows). In other cases, larger patches were removed (figure 9e,f ) revealing a porous sublayer beneath the nanostructured epicuticle, possibly indicating a component of DF NSS formation. These more extreme deformations seem to be the product of tangential forces applied to the cells, relative to the surface, during shaking that create a shearing action at the cell -surface interface. This NSS removal is indicative of greater adhesion between the yeast cells and NSS when compared with the NSS with the porous sublayer, and in some cases, the yeast cells themselves even become enveloped in the surfaced material (figure 9b, arrows).
Discussion
In human disease, fungal infections are traditionally difficult to detect and treat and immunologically suppressed individuals such as transplant recipients, AIDS patients, diabetics and those living in poor and/or developing countries are particularly vulnerable to fungal infection [21] [22] [23] . A recent outbreak of fungal meningitis caused by contamination of a drug emphasizes the need for greater control over pathogenic fungi [20, 24] . However, fungal pathogens are poorly understood, as are the conditions that lead to their pathogenicity. For instance, the fungus implicated in the 2012 epidemic of fungal meningitis, Exserohilum rostratum, had never been implicated in disease before the outbreak [20, 24] . Current antifungal drugs disrupt one of three targets: membrane sterols, biosynthesis of nucleic acids or cell wall synthesis, and prolonged use of these agents has been associated with an increase in the number of clinical cases exhibiting resistance to these drugs, which often correlates with in vitro resistance [25, 26] . Therefore, the need for alternative mechanisms to control fungal growth and infection is imperative. In this study, we used baker's yeast, Saccharomyces cerevisiae, to demonstrate and characterize the interactions of a cellular fungus with NSS. S. cerevisiae is a classic genetic model organism that has been used to study a variety of human diseases, including cancer, neurological disorders and fungal biofilm formation [27] [28] [29] [30] . Furthermore, the cell wall structure and morphology of S. cerevisiae has served as a prototypical model for the study of fungal cell walls [28, 31, 32] .
In this study, we demonstrated an adhesion dependence of the NSS-induced rupture of S. cerevisiae. While several groups have reported similar NSS-induced rupturing of prokaryotic bacteria, we are the first to report this phenomenon in a eukaryotic microbe. Furthermore, this work is the first empirical evidence that demonstrates the dependence on cell-substrate adhesion strength for NSS-induced microbial rupture. The Derjaguin-Landau-Verwey-Overbeek (DLVO) and the extended DLVO (XDLVO) theories of colloidal stability are often used to model microbial adsorption prior to biofilm formation [33] [34] [35] . The DLVO theory defines total interaction energy (V t ) as the sum of the usually attractive van der Waals interactions (V vw ) and a repulsive electrostatic term owing to electric double layer interactions (V R ) [33] ; XDLVO introduces a Lewis acid-base term (V AB ) to account for the usually attractive hydrophobic interactions and repulsive hydration interactions that can be 10-100 times stronger than V vw when in contact [12, 34, 36] . A conclusion that can be drawn from this model is that surfaces which are rough at the nanoscale can enhance particle adsorption to them by effectively increasing the particle-substrate separation distance and allowing the longer range attractive interactions to dominate over the more rapidly decaying repulsive interactions.
Our work experimentally demonstrates that there is a relationship between cell rupture/death and the nanostructure geometry of NSS. NSS enhancement of cell-substrate adhesion has been demonstrated for yeast by the increased adhesion of S. cerevisiae to wafers coated in silica beads when compared with a flat control surface [15] . Our results as well as other reports strongly suggest that the adhesion strength between the cell and the surface is a critical element in the NSS-induced rupturing of microbes, i.e. greater adhesion between the cells and the surface corresponds to a greater degree of rupturing for a given nanostructure geometry. This has been neatly demonstrated by the rupturing of a broad range of Gram-negative and Gram-positive bacteria and bacterial spores by the high aspect ratio nanostructures of a black silicon surface [4] . In our experiments, NSS (DD and DF) that had high aspect ratio nanoscale features demonstrated greater cell affinity than NSS with lower aspect ratio nanoscale features. This mirrored the cell-rupturing potential of a given NSS. NSS with higher aspect ratio nanoscale features (DD and DF) generated greater cell rupturing/cell death than surfaces with lower aspect ratio nanoscale features (Brd II). Interestingly, the reduced ability of a NSS to kill/rupture cells exhibited by a low aspect ratio NSS was compensated for by increased intrinsic cell adhesion. This was demonstrated by the significant SK1 cell death observed on the Brd II surface, whereas virtually no cell death was observed with the less adherent (W303) strain on this same surface. We have also shown that native surfaces and goldcoated surfaces display similar cell-rupturing properties, which demonstrates that surface composition is not a defining feature of NSS-induced rupture. Our results also demonstrate that reduction in cell-surface affinity may be a pathway for microbial resistance to the microbicidal activity of an NSS.
A common theme for designing antimicrobial surfaces has been centred on the idea of cellular repulsion [37] [38] [39] ; this is extremely challenging owing to the dynamic nature of the cells, surfaces and environmental conditions. The discovery of microbicidal NSS derived from the wings of insects has potential to shift this paradigm [2, 3] . When designing antimicrobial surfaces, targeting cellular repulsion may not be the best method of defence; a more effective solution might be to welcome cellular adhesion to a lethal surface.
